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flocculation  was  with  an  applied  electric  field.  With  the  floes  thus  formed, 
they  were  cemented  into  permanent  units  with  a SlCl^^ treatment.  The  second 
problem  examined  was  the  preparation  of  a white  pigment  with  a stable  con- 
ductance showing  resistance  to  oxidation.  It  Is  pointed  out  that  more  work 
on  this  latter  problem  la  needed  before  a completely  satisfactory  paint  Is 
developed.  ^ 

ConductiveNvhitc  rmdome  coatings  are  needed  to  protect  USAF  aircraft 
radomes  in  a theh^l  flash  environment.  A highly  reflecting  white  pigment 
in  a radome  coatu^  will  reflect  moat  of  the  visual  and  infrared  wavelength, 
incident  energy  in  a thermal  flash  environment.  Nonconductive  radome 
coatings  build  up  a static  charge  as  the  radome  is  propelled  through  the  air. 

A conductive  coating  provides  a path  for  dissipation  of  the  static  charge. 

The  use  of  white  conductive  coatings  on  radomes  will  provide  for  the 
satisfactory  use  of  USAF  aircraft  radars  in  normal  operational,  environment 
and  hostile  thermal  flash  environment. 
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I INTRODUCTION  AND  SUMMARY 


The  overall  goal  of  this  prograa  has  been  to  prepare  a stable, 
oros Ion-res 1 « tant , white  conducting  coating,  based  on  titanium  dioxide 
(TiO  ) , zinc  oxide  (ZnO) , or  tin  oxide  (SnU  } pigments  with  a fluoro- 
carbon  or  polyurethane  binder.  The  pigment  volume  concentration  (PVC) 
muot  be  low  for  erosion  resistance,  and  the  pigment  must  be  made  to 
conduct  in  a wav  that  leads  to  stability  aga.tnst  the  effects  of  oxygen 
in  air.  Thus,  the  program  has  two  specific  objectives.  The  first  is  to 
establish  continuous  conducting  pattis  at  low  PVC,  by  controlling  floc- 
culation to  simulate  that  of  carbon-based  paints  (namoly  to  induce  a 
"snowflake"  or  "lacework"  floe  structure).  With  such  a structure, 
continuous  particle-to-particle  conducting  paths  through  the  coating  will 
be  present  while  retaining  an  open  structure  for  a low  PVC  and  hence 
good  erosion  resistance.  The  second  objective  is  to  develop  doping 
techniques  such  that  the  conducting  pigment  will  ' e resistant  to  slow 
oxygen  adsorption, 

The  approach  we  have  been  taking  entails  several  steps: 

(1)  Determine  how  to  induce  chain  flocculation  of  the 
pigments. 

(2)  Determine  how  to  stabilize  the  chains  to  prevent 
their  destruction  during  dispersion  in  a paint  vehicle, 

(3)  Using  the  chain  floes,  formulate  and  test  a conductive 
paint  of  low  Pt'C. 

(4)  Determine  the  optisun  technique  for  donor  and  surface 
additive  Incorporation  using  beet  results  obtained  in 
steps  (1)  and  (2). 

(5)  Determine  how  best  to  stabilize  the  conductivity  against 
slow  oxygen  adsorption. 
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Wc  have  emphaal/cd  (1)  ami  (2)  In  the  pioaent  reaearch  , working 
on  both  problem*  almul tr.neoualy , II  waa  considered  desirable  to  complete 
(1)  and  (2)  before  InltlatinK  (4)  and  (5),  because  with  favorable  floc- 
culation an  Improved  coating  can  be  fomulatcd  Immediately  using  standard 
methods.  Stops  (4)  and  (5)  represent  another  distinct  Improvement,  best 
taken  now  that  (1)  and  (2)  are  satisfactorily  completed.  In  the  present 
summary  we  tiscoss  our  work  In  the  order  snown  in  the  above  listtni,',  as 
this  ord(  " Is  logically  clearer.  In  the  detailed  technical  report, 

Section  II,  hovever,  we  first  discuss  the  work  or.  step  (2),  studies  of 
coupling  agents,  and  then  the  work  on  flocculation,  because  the  approaches 
chosen  for  flocculation  were  detensined  by  the  results  of  the  coupling 
agent  studies. 

Chain  Flocculation 

Several  methods  wore  tried  to  induce  chain  flocculation  of  the 
pigments,  both  with  the  pigment  present  in  a liquid  suspension  and  with 
the  pigment  introduced  as  an  aerosol.  These  methods  are  described 
briefly  here  and  in  detail  la  Section  IIB,, 

Zeta  Potevitlal  Studies 

To  cause  chain  flocculation  in  a liquid  suspension,  it  was  clear 
that  an  accurate  control  over  the  zeta  (Q  potential  of  the  particles 
was  needed.  The  C potential  particularly  in  an  aqueous  solution  but 
to  a great  eistont  in  a nonaqueous  solvent  as  well,  is  associated  with  a 
double  layer  that  arises  at  the  surface  of  the  particles  and  that  keeps 
the  particles  from  flocculating. 

According  to  the  literature,'^  chain  flocculation  should  occur  if 
the  ^ potential  Is  controlled  to  be  in  s very  narrow  range  of  values. 

To  induce  chain  flocculation  directly  by  such  ^ potential  control,  the 
approach^  is  to  lower  the  Q potential  to  the  point  of  very  alow  flocculation. 
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At  this  ^ potential  value » by  theory  the  flocculation  should  be  xn  the 
fonv  of  chains.  Then  when  the  chains  have  grown  to  the  desired  length, 
the  concept  la  to  make  the  Q potential  high  and,  thus,  stop  further 
flocculation  of  the  material. 

With  other  means  of  chain  flocculation,  such  as  the  use  of  an 
electric  field,  Q potential  is  still  needed  xo  avoid  general  flocculation. 
In  other  words,  wc  want  the  C potential  high,  so  the  pigment  particles 
will  not  flocculate,  but  low  enough  that  the  imposed  force,  the  electric 
field,  will  Just  suffice  to  cause  chain  flocculation.  Then  unwanted 
flocculation  will  not  occur.  Thus,  in  any  method  of  inducing  chain 
flocculation  in  a liquid,  some  control  over  the  Q potential  is  desirable. 
Therefore,  we  have  spent  some  effort  in  studies  of  tho  Q potential  of 
pigment  particles  and  its  control,  studying  not  only  the  use  of  additives 
to  change  the  C potential  and,  thus,  induce  flocculation,  but  also  the 
direct  measurement  of  C potential  itself. 

Electric  Field  Induced  Flocculation 

The  use  of  an  electric  field  at  a fine  wire  or  at  a knife  edge  to 
attract  the  pigment  particles  by  dielectrophoreses  was  Identified  as 
the  most  direct  wey  to  induce  chain  flocculation,  we  have  not  eliminated 
the  use  of  other  aethods,  and  at  come  future  time  it  may  be  desirable 
to  return  to  other  techniques  of  inducing  chain  flocculation  (such  as 
directly  by  Q potential  control)  because  the  rate  of  chain  flocculation 
at  a fine  wire  or  at  a knife  edge  Is  ot  necessity  relatively  low. 

However,  lor  the  limited  quantities  of  paint  needed  for  present  purposes, 
the  rate  seems  satisfactory,  and  b^ause  the  method  is  direct  and 
satisfactory  wo  have  continued  In  this  direction. 

Dlelectrophoresxa  is  t'ue  attraotiou  of  plg»ei.t  particles  using  an 
ac  elective  field,  usually  a nonuniform  electric  field  (see  the  theoretical 
discussion  In  Section  IIB).  Because  the  plgtwnts  of  Interest  have  a very 


high  dielectric  coraiAnt,  they  are  attracted  to  the  high  field  region, 
the  attraction  being  independent  of  the  aign  of  the  field  and,  thua , 
independent  of  any  electroatatlr  or  electrophoric  ef recta.  The  use  of 
an  ac  electric  field,  depending  on  the  dielectrophoresis  etfuct,  thua 
avoids  problems  due  to  undeaired  electrostatic  charging  of  pigment 
particles. 

We  have  obtained  satisfactory  chain  flocculation  with  a high  ac 
voltage  applied  to  a knife  edge  introduced  Into  a slurry  of  pigments 
particles  In  a nonpolar  solvent  or  to  a fine  (0.003  inch)  wire  Intro- 
duced into  an  aerosol  of  pigment  particles  in  air  or  nitrogen.  The 
particles  sometimes  form  branched  chains  and  show  the  snowflake  or 
lacework  structure  desired  for  the  present  purpose. 

Stabilization  of  the  Chain  Floes 

Once  the  floes  are  foimed,  either  at  the  surface  of  a wire  from  a 
gaseous  aerosol  or  at  knife  edge  from  a liquid  solvent.  It  Is  desired 
to  bond  or  cement  the  particles  to  make  the  chain  structure  in  the  floe 
permanent , The  object  Is  to  promote  enough  bonding  so  that  the  chains 
can  bo  removed  from  the  wire  or  knife  edge  and  Introduced  into  a vehicle 
without  destroying  their  open  structure,  even  if  light  milling  Is  re- 
quired. The  method  we  adopted  to  try  to  cement  the  particles  together 
while  on  the  knife  edge  or  on  the  wire  is  to  use  bifunctlonol  coupling 
agents  to  bridge  between  particles,  with  one  functional  group  attached 
to  each  of  the  adjacent  particles.  The  behavior  of  many  coupling  agents 
at  the  tin  oxide,  zinc  oxide,  and  titanium  oxide  surfaces  were  tested 
and  two  approaches  were  selected  that  provide  good  bonding  strength  to 
the  chains,  one  useful  In  a liquid  solvent  and  one  in  an  aerosol. 

In  the  case  of  chains  formed  in  a liquid  solvent,  a titanium  phos- 
phate bridging  agent  that  could  form  a permanent  bond  at  room  temperature 
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wat  aalected  as  optlnun.  However  this  liquld-phase/t Itanium  phosphate 
approach  has  not  been  studied  In  detail.  The  use  described  below  of 
the  gas  phase  technique  for  chain  production  in  an  aerosol  was  highly 
developed  by  the  time  the  titanium  phosphate  bridging  agent  was  identified. 
It  was  concluded  at  that  time  that  the  most  direct  solution  to  the  overall 
problem  would  be  reached  by  concentrating  on  the  gas-phase  approach  to 
chain  floe  generation. 

The  coupling  agent  identified  for  use  in  the  gas-phase  work  was 
tetrachlorosilane  (SiCl^)  which,  when  introduced  at  high  temperature 
(about  400°C  or  higher) , induced  substantial  strengthening  of  the  inter- 
particle contacts. 

Generation  of  Stabilized  Chain  Floes 

An  apparatus  was  constructed  for  the  preparation  of  chain  floes 
from  an  aerosol  and  the  simultaneous  or  subsequent  exposure  of  these 
chain  floes  to  tetrachlorosilane  as  the  bonding  agent.  It  was  found 
in  separate  experiments  that  the  preferred  method  of  removal  of  the 
chain  floes  from  the  wires  was  a mechanical  approach — simply  scraping 
the  chain  floes  from  the  wire.  Thus,  the  apparatus,  as  finally  developed, 
includes  a gridwork  of  wires  to  form  the  chain  floes  from  an  aerosol 
passing  by;  facilities  for  the  introduction  of  tetrachlorosilane  to 
adsorb  onto  chain  floes;  facilities  for  heating  the  wire  to  400  C , or 
substantially  higher,  to  induce  a bridging  reaction  of  the  tetrachloro- 
silane; and,  finally,  facilities  lor  moving  the  wires  through  a scraper 
and  allowing  the  chain  floes  to  drop  into  a collecting  hopper.  All  of 
these  functions  can  be  done  automatically. 

As  the  final  phase  in  the  current  program,  the  use  of  conductive 
titanium  dioxide  in  generation  of  chain  floes  was  explored  ro  determine 
whether  specific  problems  associated  with  the  conductivity  arose.  It 
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was  found  that  the  conducting  titanium  dioxide  t>ehaved  rather  better  than 
the  Insulating  titanium  dioxide-- 'the  form  of  the  chain  floes  was  more 
linear  and  more  insensitive  to  the  exact  electric  field  applied,  and 
the  introduction  of  the  tetrachlorosllane  substantially  increased 
the  Interpartlcle  conductance. 

Future  Work  Needed 

Bef-‘re  a usable  paint  is  available,  several  steps  must  still  be 
taken.  Large  batches  of  chain  floes  must  be  prepared,  sufficient  for 
the  development  of  satisfactory  flow  and  settling  properties  of  the 
paint,  and  sufficient  for  the  development  of  satisfactory  film-conductance 
properties  In  the  paint.  Additives  to  control  the  settling  of  the  chains 
must  be  introduced,  and  tne  conditions  required  with  respect  to  chain 
size  must  be  explored  to  satisfy  the  stability  requirement.  With  large 
quantities  of  pigment  available,  i»e  can  more  easily  study  the  control 
of  the  conductive  properties  of  the  paint  and  develop  appropriate  bulk 
and  surface  treatments  for  the  pigment  itself.  The  problems  anticipated 
include  ostabllshrr.'  it  of  the  desired  Initial  conductance  and  also  pre- 
vention of  the  slow  oxidation  of  the  pigment  particles  leading  to  the 
removal  of  electrons  from  the  particles  and,  thereby,  a slow  decrease 
in  iuterparticle  conductivity. 
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II  EXPERIMENTAL  PROGRAM 


A.  The  Addition  of  Coupling  Agents  to  forai  Interpartjcle  Bonds 
1 , Developeient  of  Methods  of  Teeting  Bonding  Strength 

2 

Although  there  has  been  a report  in  the  literature  that 
coupling  agents  added  to  pellets  of  oxide  materials  tend  to  form  an 
intergranular  bond  between  the  oxides,  only  qualitative  observations 
were  made,  and  no  quantitative  tests  have  been  developed.  Thus,  we 
were  required  to  develop  our  own  testing  methods  concurrently  with  the 
development  of  techniques  for  depositing  the  coupling  agents.  Several 
testing  techniques  were  examined.  Three  methods  were  considered  for 
determining  whether  strengthening  occurred  when  the  coupling  agent  was 
added  to  pigment  agglomerates,  and  two  methods  were  examined  for  deter- 
mining whether  strengthening  occurred  when  the  coupling  agent  was 
deposited  on  pressed  pellets  of  the  pigment. 

Sand  milling  as  a test  of  the  strength  of  agglomerates  showed 
no  significant  ability  to  distinguish  the  effective  coupling.  Un- 
fortunately, the  sand  milling  test  was  examined  very  early  In  our  studies, 
and  It  was  fcund  later  that  at  that  early  time  the  techniques  for  addi- 
tion of  the  coupling  agents  had  been  Ineffective,  so  the  sand  milling 
tests  were  not  given  a fair  evaluation.  In  the  tents,  the  agglomerated 
pigment  Is  Introduced  Into  a sand  mill,  and  the  particle  size  of  the 
emerging  particles  Is  examined  microscopically.  If  the  coupling  agent 
Is  effective,  the  particle  size  would  be  larger  than  In  the  corresponding 
untreated  powder. 

Another  technique  tested  fur  measuring  the  hardness  of  agglom- 
erates is  the  pressure/volume  relationship  as  measured  In  an  Instrcn 
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■rchlne.  Here  the  concept  is  that  If  the  treated  asgloneratee  havt  an 
unusually  high  strength,  substaritlally  higher  pressure  should  he  required 
on  the  Instron  machine  to  compress  a pellet  of  a given  dimension.  Un- 
fortunately, in  these  studies  It  was  found  that  the  difference  between 
a treated  and  untreated  material  was  Insufficient  to  provide  a reliable 
discrimination. 

The  test  found  finally  to  distinguish  successfully  the  strength 
of  coupling  when  the  coupling  agent  is  applied  to  an  agglomerated  pigment 
is  a screening  test.  In  this  test  a certain  screen  fraction  is  initially 
selected.  After  treatment  with  the  coupling  agent,  the  powder  Is  returned 
to  the  screen  and  mechanically  vibrated.  The  late  of  which  the  particles 
are  further  fractured  simply  by  abrasion  against  the  screen  is  found  to 
give  a satisfactory  Indication  of  the  strength  of  the  material.  Tests 
of  harder  materials  can  be  made  by  adding  glass  balls  to  the  powder  to 
provide  nore  forcible  abrasive  action.  As  will  be  discussed  below,  a 
significant  reduction  in  the  rate  of  abrasion  of  the  agglomerates  over 
the  rate  for  a blank  is  observed  following  pretreatment  with  a successful 
coupling  agent. 

Two  testing  techniques  were  investigated  in  which  the  pigment 
was  pressed  Into  a pellet  before  exposure  to  the  coupling  agent.  One 
was  f.  acture  of  the  pellet,  but  It  was  found  that  the  force  necessary 
for  fracture  was  much  too  irreproduciblc  to  provide  a suitable  hardness 
test.  The  secoiui,  which  was  found  reasonably  reliable  and  is  the  basis 
for  many  of  the  studioa  reported  below,  was  the  measurement  of  hardness 
using  a diamond  point,  the  Vickers  hardness  test.  In  this  test,  a 
diamond  of  pyramid  shape  Is  pressed  ir  o the  surface  of  the  pellet  with 
a definite  force  (usually  the  order  of  100  grams) , and  the  depth  of 
penetration  of  the  diamond  is  determined  by  measuring  the  width  of  the 
Imprint  uruier  a mlcruacops. 
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2 , Addition  of  Coupling  Actints  frqm  Solution;  High  Temperature 

Curing 

Studies  were  made  on  the  poealbillty  of  bridging  plgnent 
particles  In  a slurry  using  alkoxlde  titanate  ester  compound,  with  a 
titaniom  eater  diphosphoric  acid,  and  with  a dlchlorosilane  and  various 
dichlorosiloxanes  as  the  coupling  agents.  The  results  as  described 
below  were  unsatisfactory  compared  to  the  methods  later  develcped, 
reported  in  subsections  3 and  4 below,  Tlie  pigments  used  In  these 
studies  were  titanium  (IV)  oxide  (Zopaque  R-88  from  G]  idden)  iilnc  oxide 
(SP-500  from  New  Jersey  zinc),  and  tin  (IV)  oxide  (Alfa  Products). 
Treatments  were  made  in  solvents  uuch  as  dry  methylethyl  ketone  (M£K) , 
dry  xylene,  and  dried  tetrahydronapthalene  (Tetrallr.)  . Treatments  in 
MEK  and  .n  xylene  were  made  at  room  temperature.  Treatments  in  tetralln 
were  aade  at  reflux  temperature,  207°c.  Table  1 summarizes  the  results 
of  our  studies  in  liquid-phase  addition  of  coupling  agents.  In  particular, 
the  table  gives  the  sedlmentt.tion  time  after  treatment  to  indicate  whether 
adsorption  of  the  ccupMng  agent  occurred.  The  details  of  the  various 
treatments  are  given  in  the  sections  below. 

ft . The  Adscrption  of  Titanium  Phosphate  Coupling  Agent 

One  of  the  bridging  expcA'tnents  entailed  an  attempt  to 
tie  titanium  (TV)  oxide  pigment  particles  together  through  <iin  alkyd 
ester  by  means  of  tranaesterification  with  the  phosphate  function  of  an 
isopropyl  trl  (dllsooctyl  phosphate)  titanate  (TT0P-i2) . 18  g R-88 

rutile  and  120  g Ottawa  sand,  A6TM  C190-20-30  mesh,  were  loaded  into  a 
ceramic  Jar  and  dried  for  2 hours  at  200”C.  After  cooling,  39.6  g dry 
MEK  and  3 drops  o'  ic  acid  were  added.  The  Jnr  was  closed,  and  the 
contents  shaken  for  1-1/2  hours  in  a Hod  Tevll  paint  shaker.  The  sand 
was  then  filtered  off,  and  a dispersion  of  TIO^  in  MEK  was  obtainod  (I). 

A similar  dispersion  (II)  was  prepared  wlth«mt  ths  oleic  acid  addition. 

Four  test  samples  were  then  prepai*ed  from  these  dispersions  as  in  Table  2. 
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Note:  Te*t  fo'^ulatlons  ere  In  graBS  or  as  noted. 


After  TTOP-12  Addition,  the  foraulatior.s  were  stirred 
for  23  hours  In  s closed  container  using  a laboratory  aagnetic  stirrer. 
They  were  then  tested  for  sedlswntsvion  and  were  aicrophotographed  after 
having  been  further  diluted  with  MEK.  It  was  found  that  the  treated 
TIO^  foreed  slightly  larger  particles,  as  seen  under  the  microscope,  and 
settled  somewhat  faster  in  the  sedlrentatlon  test  when  compared  with 
tests  on  the  untreated  oxide.  Although  these  results  are  In  the  desired 
direction,  we  cannot  be  certain  that  the  strength  of  the  agglomerated 
particles  Increased.  Sedimentation  tlsies  are  shown  In  Table  1. 

b.  Chlorosllanes  as  Coupling  Agents 

A second  bridging  experiment  entailed  an  attempt  to  tie 
TIO^  pigment  particles  together  by  means  of  a dlchlorosllane , chloro- 
methyl  methyl  dlchlorosllane.  In  this  experiment,  half  of  the  reactive 
TlOH  surface  sites  were  prereacted  with  a nonofunctlonal  coupling  agent, 
TTOP-12,  and  the  reswlnder  of  the  sites  with  the  dlchlorosllane.  A 
ceramic  jar  was  loaded  with  12  g R-08  rutile  and  80  g Ottawa  Sand,  20-30 
mesh,  and  dried  for  2 hours  at  200°C.  After  cooling,  26.4  ml  dry  MEK 
and  2 drops  oleic  acid  were  added.  The  Jar  was  closed  and  shaken  for 
1-1/2  hours  In  a Red  Devil  paint  shaker.  The  sand  was  then  filtered  off 
to  obtain  the  TIO^  dispersion  In  MBK.  9 g of  this  dispersion  was  mixed 
with  20  ml  dry  MEIC  and  3 drops  of  Span  20.  This  was  Lhaken  on  the  paint 
shaker  for  10  minutes.  TTOP-12  (0.16  ml)  was  then  added,  and  the  dis- 
persion stirred  for  1 hour  with  a magnetic  stirrer.  Then  0.04  ml  chloro- 

% 

methylmethyl  dlchlorosllane  was  added,  and  the  dispersion  stirred  for 
an  additional  hour.  It  was  found  that  the  treated  titanium  (IV)  oxide 
formed  much  larger  ngglosMrateo  than  the  control  on  mlcroscoiAc  ex- 
amlnatlon  and  settled  much  faster  than  the  control  In  the  sedimentation 
test.  However,  the  treated  TIO  was  not  testod  for  aggloamrate  strength. 
Sedimentation  tlsss  are  shown  In  Table  1. 
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In  the  thirri  experlMiit,  hit  attenpt  was  Mtde  to  bridge 
ZnO  plg«ent  partlcloe  together  by  aeene  of  the  dichlorosllene , chloro- 
eethyleethyl  dlchloroallane . The  procedure  followed  le  identical  to 
that  deacribed  for  the  aecond  experiment  involving  titanium  (IV)  oxide. 
The  treated  sample  showed  almoet  identical  reaulta  to  that  of  the  control 
when  tested  by  aedimentatlon  rate  and  on  the  microphotographic  studies 
of  agglomeration.  Therefore,  we  conclude  that  no  bridging  has  occurred. 

c,  Siloxane  as  a Coupling  Agent 

A fourth  set  of  experiments  wa«  performed  using  1 , 5 
dichlorohexamethyltrl siloxane  as  a crupling  .tgent  for  bridging  metal 
oxide  pa.'ticles  with  the  hope  of  improvement  by  having  separation  between 
functional  groups  in  the  coupling  af.ent  nolecule.  In  these  experiments 
the  amount  of  coupling  agent  waa  varied,  and  the  dispersion  time,  using 
sand  aa  the  dispersing  agent,  was  a.so  vari.ed  if  the  vigorous  1-1/2  hour 
mechanical  agitation  used  in  Experiment  3 was  cleaving  the  chemical  bonds 
of  coupling  agent  to  zinc  oxide  particles.  All  ingredients  used  in  these 
experiments  were  dried  as  previously  described,  l.e.,  pigment  and  sand 
at  200°C  for  2 hours,  and  MEK  dried  over  calcium  hydride.  Samples  were 
prepared  aa  listed  in  Table  3. 

The  sedimentation  time  of  these  formulations  is  shown 
in  Table  1.  These  results  show  that  the  1-1/2  hour  sand  dispersion 
causes  agglomerates  to  be  broken  up.  They  also  show  that  the  dichloro- 
slloxane  treatment,  when  not  accompanied  by  the  sand  dispersion  step, 
gives  faster  settling  time.  Predisperslon  of  pigment,  such  as  in 
Formulations  5 and  €,  resulted  in  a lesser  relative  speed  of  settling 
as  compared  to  the  use  of  undispersed  pigment.  The  microphotographs 
bore  out  the  conclusion  that  the  1-1/2  hour  sand  dispersion  used  in 
Formulations  3 and  4 separated  sgglosMrates  into  small  particles. 

The  fifth  experiment  entailed  a study  on  the  effect  of 
nixing  time  on  zinc  oxide  dispersions  coupled  with  1 , 5-dichlorohexsJMthyl 
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trlslloxane.  The  formulations  were  sand  milled  for  various  times  up  to 
10  minutes,  and  the  sedimentation  results  noted.  The  sediment  (In  ml) 
after  10  minutes  of  settlina  is  shown  in  Table  4. 

It  is  obvious  from  the  results  of  Table  4 that  although 
the  sampling  agent  speeds  up  the  settling  time,  sand  milliuK  leads  to 
a.'tglomerate  breakup  with  slower  settling  times. 

d.  Use  of  u Ciilulyst 

There  is  evidence  from  our  gas-phase  work  that  dichloro- 
silane^  require  a temperature  of  over  200”C  to  effect  good  coupling  with 
tne  reactive  surface  Sn-OH  sites.  It  is  likely  that  similar  temperatures 
might  bv  required  with  zinc  oxide  and  titanium  (IV)  oxide.  Our  experi- 
ments with  dichloresilanes  and  dichlorosiloxanes  were  done  at  room 
temperature.  A sixth  set  of  experiments  wns  performed  in  an  attempt  to 
determine  if  there  was  evidence  of  room-temperature  catalytic  enhancement 
of  coupling  usin.'j  pyridine  as  the  catalyst.  The  formulations  w®re  as 
follows : 


Formulation  No, 

1 2 


ZnO 

M£K 

1 , S-Dichlorohexsaethyl 
trluiloxane 

Pyridine 


1*5  g 

20  ml 
0.0105  ml 

0.002  g 


1.5  g 
20  ml 
0.0105  ml 


0.002  g 


Essentially  no  difference  wae  found  in  the  sedimentation  time  of 
the  two  formulations,  nor  were  there  any  marked  diffrrencee  between  the 
microphotographs.  Sedimentation  times  are  shoen  In  Table  4. 
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Table  4 


ForanjiATioN  or  zinc  oxide  dispersions  por  trisiloxanf,  coupling 


Mixing  Tine 

with  Sand 

In  Paint 

Shaker 

FormulAttun  Nxwber 

(min) 

0 

1 

3 

10 

b1  of  sedieent  after 

10  min  2.8 

11. 0 

10.5 

9.5 

settling  time 

,(>» 

ml  of  sediment  after 

10  min  0.7 

4.5 

4.8 

4.4 

settling  time 

(a)  Formulation  of  : 

ZnO 

7.5  g 

MIX 

100  ml 

(b)  Formulation: 

ZnO 

7.5  g 

MBC 

100  ml 

1,5  dichlorotMxametbyl 

7.5  X 10 

^ moles 

trlslloxane 

Th«  tcventh  •xp«rl»*nt  was  designed  to  couple  tin  (IV) 
oxide  with  1 ,5-dichlorohexsnethvl  trlsiloxsne  by  reflux  in  tetrslln, 
bp  207°c.  All  solvents  were  predried  over  sodium  and  distilled.  Three 
grans  of  tin  (IV)  oxide  were  added  to  1(X)  nl  xylene.  Then,  0.0972  g 
of  chlorotrinethyl  silane  was  added,  and  the  xylene  nixturo  was  refluxed 
lor  2 hours.  Then,  100  nl  of  tetralin  was  added  along  with  0.021  ml  of 
dlchlorohexanethyl  trisiloxane,  and  reflux  was  continued  for  2 hours, 
with  water  and  xylene  separation  being  effected  by  the  use  of  a Dean 
Stark  trap.  A control  sample  run  was  prepared  in  exactly  the  same  way 
but  without  coupling  agent.  The  sedimentation  tine  for  the  coupled  tin 
(IV)  oxide  particles  was  slightly  faster  than  that  of  the  control. 
Sedimentation  results  are  shown  in  Table  1. 

Another  experiment  was  designed  to  answer  the  question 

of  whether  the  1 ,5-dlchlorohexamethyl  trisiloxane,  which  has  a boiling 

point  of  148°  at  760  m,  was  loat  at  the  reflux  temperature  of  the 

boiling  tetralin,  at  207°C.  The  next  higher  homolog,  1 ,9-dichlorodeca- 

methyl  pentasiloxane,  was  prepared  using  the  partial  hydrolysis  method 

3 

of  Patnode  and  VTilcock.  This  compound  has  a boiling  i>oint  of  138°C  at 
20  mm  or  above  that  of  the  tetrasiloxane,  which  has  a boiling  point  of 
222°  at  760  mm  and  111°C  at  20  mm.  This  wss  used  to  couple  rutile 
titanium  (IV)  oxide  by  the  following  procedure. 

Five  gramj  of  rutile,  H-88  from  Glldden,  was  added  to 
100  ml  of  tetralin  in  a 250Hal  I'ound-bottom  flask  and  reiiuxed  for  18 
hours,  and  the  water  was  collected  in  s Dean  Stark  trap.  0.212  g of 
1 ,9-dlchlorodeoamethyl pentasiloxane  was  added  and  reflux  continued  for 
2 hours.  The  tetralin  was  decanted  off.  after  cooling,  and  the  solids 
were  washed  tour  times  with  mothylene  chloride.  It  was  LU«r.  air  dried 
::ik1  submitted  to  a screening  test  for  aggloetnrate  strength.  However, 
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becAUBV  pf  the  tUaperilon  of  the  originel  agglomerate  of  TIO^  particles 
Into  imall  Individualized  particles  during  the  reflux  operation,  no 
meaningful  mechanical  ntiengih  measki'emortn  could  he  n>ad.^. 

3.  Addition  of  Titanium  Phosphate  Coupling  Agente  Using  a 

Room-Temperature  Cure 

Another  set  of  experimerts  involved  the  possibility  of  coupling 
surface  metal  hydroxide  groups  with  a diphosphoric  acid  functional  com- 
pound, titanium  (IV)  bis [(di-2-ethylhexy)  orthophosphate]  bis  i(mono-2- 
ethylhexy)  orthophosphoric  acid]  also  known  as  "Thiphos."  This  compound 
is  available  from  Research  Organic/Inorganic  Chemical  Corporation  and 
has  the  following  structure; 

((»0)^P(0)0]2T1[0(0)P<OR)(OH) 1^ 
where  R » 2-ethylhexyl . 

We  were  interested  in  the  possibility  of  coupling  Thiphos  to 
the  pigment  at  room  temperature.  In  the  first  experiment,  5 g of 
titanium  (TV)  oxide,  R-88,  of  24-32  mesh  agglomerate  size,  was  dried  in 
a flask  for  2 hours  at  200°C.  It  was  then  stoppered  and  cooled.  One 
gran  of  Thiphos  was  added  to  the  TiO  along  with  75  ml  sodium-dried  xylene. 

m 

The  slurry  was  stirred  for  2 hours  with  a magnetic  stirrer.  After 
standing  overnight,  the  solvent  was  decanted  off,  and  tltr)  rutile  washed 
four  times  with  methylene  chloride  and  then  air  dried.  The  agglomerate 
size  remained  unchanged  as  a result  of  these  operations.  Tae  dried 
sample  was  subjected  to  a screening  test  for  agglomerate  strength. 

The  screening  test  indicated  significant  improvement  in  the 
agglomerate  strength  resulting  from  the  presence  of  the  coupling  agent. 
Without  the  coupling  agent,  88%  of  the  powder  was  retained  in  the  screen; 
with  the  coupling  agent,  99%  of  the  powder  was  retained  after  a 5-mfn 
treatment . 
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with  this  oncouraitlnK  result  , an  Improved  test  adapted  to  the 
liquid  system  based  on  the  Vlckcrsi  Hartiness  method  was  developed. 

Titanium  (IV)  oxide  and/or  zinc  oxide  pellets  were  pressed 

Into  pellets  of  1,27-c.m  diameter  and  0,20-cm  thickness  at  0,000  psl. 

-1 

The  pellets  were  immersed  for  16  hours  In  xylene  containing  1 x 10 
moles  of  coupling  agent  per  gram  of  pigment.  The  solution  was  then 
decanted  off  and  the  pellets  were  air-dried  for  18  to  21  hours  prloi'  to 
testing.  Controls,  containing  no  coupling  agent,  were  run  in  a like 
manner.  The  tin  (IV)  oxide  pellets  were  rendered  so  fragile  by  the 
treatment  that  breakage  occurred  on  subsequent  handling.  Therefore, 
the  bulk  of  the  tests  were  performed  on  the  less  fragile  zinc  oxide 
pellets.  However,  because  the  solvent  soak  decreased  the  hardness  of 
the  zinc  oxide  pellets  to  some  degree,  comparlso  s of  coupling  agent 
effectiveness  were  made  against  results  obtained  with  solvent-exposed 
control  samples. 

This  weakening  of  the  pellets  by  solvent  immersion,  although 
awkward  at  this  stage  of  testing,  will  not  be  a handicap  during  chain 
formation  and  cenienting.  During  the  real  process,  the  particles,  while 
In  the  liquid,  are  forced  together  by  the  electric  field;  simultaneously, 
the  coupling  agent  acts  to  cement  the  Interparticle  contacts.  Thus, 
the  strengthening  reported  below  is  the  Important  observation — the 
weakening  of  pellets  by  Immersion  has  no  bearing  on  the  proposed  system. 

Studies  were  made  using  the  above  measurement  technique  on  the 
possibility  of  bridging  pigment  particles  not  only  with  a titanium  (IV) 
blsphosphate  blsphoaphorlc  acid  compound  (Thlphos,  from  Research  Organic.' 
Inorganic  Corporation)  but  also  with  several  new  poly functional  titanium 
phosphate  and  phosphito  coupling  agents  supplied  by  Kenrich  Petrochemicals, 
Inc. 
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Zinc  oxide  pellet*  treated  with  tetraisonropyl  dKL^iotyl- 
phusphito)  tltanate  were  found  to  give  the  highest  Vickers  t^rdness 
readings.  Treatments  with  tetra(2 ,2-diRllyloxymetr.yl-l-butenoxy) 
titanium  di(dltridecyl  phosphite)  also  produced  high  hardness  measurements, 
and  treatments  with  titanium  di(dibutylpyro~phosphate)  oxyacetate  and 
tetraoctyloxy  titanium  di(Dilauryl-ph08phite)  produced  a small  increase 
in  hardness.  Thlphos-treated  camples  showed  little  or  no  change  in 
intergranular  strength  or  conductance.  The  hardness  values  for  the 
other  previous!^'  listed  treatments  are  shown  in  Table  5. 

4.  Addition  of  Coupling  Agents  from  the  Gas  Phase 

Two  techniques  have  been  used  to  deposit  coupling  agents  onto 
pigments  from  the  gas  phase;  the  first  with  the  coupling  agent  conveyed 
by  a carrier  gas  such  as  nitrogen  or  air,  t>>e  second  with  the  coupling 
agent  admitted  to  an  evacuated  sample  chamber.  The  first  technique  Is 
clearly  the  most  practical.  The  second  technique  is  of  greater  value  in 
studying  the  details  of  the  reaction  and  the  influence  of  the  key  reaction 
variables.  A large  number  of  process  variables  are  possible  including 
the  coupling  agent,  the  pigment,  the  temperature,  the  pressure,  the  time, 
the  introduction  of  \^ater  or  other  reactive  material,  and,  perhaps, 
temperature  cycling.  Clearly,  these  variables  could  not  all  be  examined 
systematically,  and  it  will  be  clear  in  the  discussion  to  follow  that 
the  approach  was  quasiempirical,  attempting  to  develop  a satisfactory 
treatment  in  the  minimvm  possible  time. 

In  studies  of  the  deposition  of  coupling  agents  using  a carrier 
gas,  the  procedure  used  was  to  alternate  the  coupling  agent  treatment 
with  a treatment  using  water  vapor.  Figure  1 shows  typical  results 
where  two  cycles  of  SiCl . or  TiCl . and  water  vapor  are  used  on  tho 
sample.  In  these  studies,  the  sample  was  in  the  fora  of  agglomerates, 
and  the  screening  test  was  used  to  determine  the  strength  increase.  The 
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Table  5 

SnUENGTH  OF  TREATED  ZINC  OXIDE  SAMPLES 


Coupling  Agent 

Trade  Name 

Vickers  Hardness 

None  (expoaed  to  xylene 
only) 

36 

Tetraoctyloxy  titanium  di 
(dllaurylphoaphlte) 

OTDLPI-46 

41 

Titanium  dKdlbutylpyro- 
phoaphate) oxyacetate 

(TTDBPP-ISSDS 

44 

1 

Tetralsopropyl  dl (dioctyl- 
phosphite) tltanate 

TT0PI-41B 

86 

V 

i 

Tetra(2,2  diallyloxymethyl- 
I'butenoxy) titanium  dl 
(dltrldrcyl) phosphite 

■miDTP-SS 

66 

%. 

K 

K 

Isopropy:*  , trlCdlbutyl- 
pyrophos  pha  to) 1 1 tana  te 

TTBPP-58CS 

12 

parameter  varied  was  the  temperature  of  treatment,  and  it  is  observed 
that,  above  '200'’C,  effective  strengthening  of  the  floes  has  occurred. 

The  curve  does  not  clarify  the  effect  of  the  coupling  agent  below  200""C, 
Presumably,  the  adsorbed  water  at  this  low  temperature  acts  as  a reasonably 
effective  bridging  agent  and  the  a'jglomerates  arc  strong.  Above  200'^C, 
dehydration  normally  weakens  the  agglomerates,  but  the  addition  of  SiCl 

4 

restores  or  increases  their  strength. 

More  stringent  tests  using  glass  beads  confirms  that  the  SiCi 

4 

Is  Ineffective  in  strengthening  the  agglomerates  below  200°C.  No  sig- 
nificant improvement  in  strength  with  TiCl , is  observed  in  these  studies. 

4 

Thus,  In  all  later  work,  reported  below,  SiCl^  is  the  coupling  agent 
studied. 

The  results  obtained  in  measurements  with  the  pellet  first 

evacuated,  then  exposed  to  SiCl^  vapor,  were  similar  to  those  found  when 

4 

a carrier  gas  was  used.  In  these  studies,  ZnO  (NJZ-S'P-500)  was  used  as 
the  pigment  because  stronger  pellets  were  obtained  initially  w’lth  ZnO 
than  with  TIO  . The  Influence  of  several  parameters  was  examined  with 
this  experimental  technique,  and  many  of  the  more  recent  results  are 
sumArized  in  Table  6.  For  example,  we  can  consider  the  influence  of 
temperature.  With  the  blanks  (Samples  19  and  26) , there  seems  a slight 
Increase  In  strength  with  a temperature  above  200°C,  but  (compare 
Samples  16-18  with  27-28)  the  strengthening  Is  much  more  substantial  If 
a small  aliquot  of  SiCl^  Is  admitted. 

Afi  an  aluminum  hydroxide  or  silica  coating  is  normally  present 
on  pigment  materials  for  stability,  tests  were  made  with  such  coatings 
on  the  ZnO  pigment.  A cosiparlson  of  the  haxxiness  of  Samples  34  and  35 
Indicates  again  the  substantial  Improvement  ss  the  treatment  temperature 
Is  mads  greater  than  2(M°C. 

The  results  of  Figure  2 indicate  why  the  high  temperature  is 
preferable.  Thase  curves  are  chosen  because  they  show  results  where  no 
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product  gasei  appear,  and  thus  the  rate  of  SiOl^  consumption  can  be 

4 

easily  monitored.  It  is  seen  that  the  consumption  of  SiCl^  at  400*’C 
is  relatively  rapid.  A comparison  between  samples  34  -..id  35  with  respect 
to  gas  evolution  reconfirms  the  picture.  The  release  of  HCl , determined 
mass  spectrometrlcally , only  occurs  for  Sample  35.  As  the  desired  inter- 
action of  SiCl^  with  OH  surface  groups  should  yield  HCl,  it  is  possible 
that  with  Sample  34  (SSO^C) , the  ^iCl^  consumption  represents  simply 
adsorption,  and  for  the  strong  reaction  the  more  elevated  temperature 
400°C  is  required. 

The  conclusion  from  the  measurements  of  Table  6 is  that  effective 

and  vapid  cementing  of  chains  of  silica-coated  ZnO  should  be  realized 

at  a temp«arature  the  order  of  400°C,  with  the  coupling  agent  SiCl  intro- 

4 

duced  from  the  gas  phase. 

B.  Chain  Flocculation  in  a Liquid  Suspension 

1.  flocculation  by  Zeta  Potential  Control 

a.  Measurement  of  Zeta  Potential 

The  close  relationship  between  electric  charge  on  pigment 

4-6 

particles  and  flocculation  of  their  dispersion  in  aqueous  and  non- 
7-13 

aqueous  media  is  well  established.  Because  our  goal  has  been  to 
control  flocculation,  it  was  considered  desirable  to  control  the  charge 
on  the  particles.  The  charge  originates  from  an  electrical  double  layer 
at  the  surface  of  the  pigment  caused  by  preferential  adsorption  of  cations 
or  anions  and  by  dissociation  of  surface  molecules  (e.g.,  dispersant). 

The  magnitude  and  sign  of  the  double  layer  is  measured  by  the  zeta 
potew\tial,  which  according  to  the  Ruckel  equation. 

c - BitWt 
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is  a fvmction  of  ^ and  e,  the  viscosity  and  dielectric  -onstant  of  the 
nediua,  and  u,  the  electrophoretic  mobility  (velocity  of  the  particle 
under  unit  potential  gradient). 

The  zeta  potential  was  measured  in  both  nonaqueous  and 
aqueous  media.  The  nonaqueous  medium  is  probably  of  greater  significance, 
because  we  would  like  to  initiate  chain  flocculation  in  a solvent  com- 
patible with  the  binder  resin,  e.g.,  methyl  ethyl  ketone  (MEK)  for 
fluoropolymers.  To  determine  zeta  potential,  we  measure  the  electro- 
,ihoretic  mobility  of  the  particles  by  microscopic  exam  mat  ion.  Our 
first  electrophoretic  cell  was  very  simple  and  consisted  of  a micro- 
scope slide  with  a cylindrical  well  that  contained  the  pigment  slurry 
and  that  was  covered  with  a thin,  glass  cover  slide.  This  cell  was 
suitable  for  measurements  In  an  aqueous  medium,  but  It  was  not  sru table 
f r nonaqueous  media,  because  the  organic  solvents  evaporated  at  the 
'interface  between  the  cover  slide  and  the  microscope  slide.  The  resulting 
movement  of  the  liquid  media  interfered  with  the  electrophoretic  measure- 
ments. 

To  eliminate  solvent  evaporation,  we  constructed  a closed 

10 

cell  similar  to  that  used  by  Me  Gown  et  al.  This  cell  consists  of  an 
optical  path  of  depth  1 mm,  height  10  imi,  and  length  50  sm.  Angled 
side-arms,  terminating  with  female  ground-glass  Joints,  were  fused  to 
the  ends  of  the  cell.  Platinum  wires  were  fused  into  male  ground-glass 
Joints,  forming  stoppers  for  the  side  arms.  The  microscope  was  supported 
In  a stand  at  a 90-degrec  angle  to  Its  noimal  working  position  so  that 
any  sedimentary  deposit  accumulated  out  of  the  field.  The  Illuminator 
was  fitted  with  filters  to  remove  infrared  light,  which  nay  cause  thenul 
stirring,  and  to  remove  ultraviolet  light  (<  4700  nm) , which  may  cause 
elec'.ronic  excitation  of  the  pigment  particles. 

Slectrophoretlc  mobilities  were  swasured  on  sosm  of  the 
suspenelopo  of  pigments  for  which  settling  tisMss  were  measured. 


Theoretici^lly , purtlcles  with  a high  mobility  (l.e.,  high  zet»  potential) 
can  be  expected  to  produce  stable  suspensions,  with  a long  time  for 
setting.  Table  7 gives  the  comparative  results  of  mobility  and  settling 
time.  For  the  electrophoretic  studies,  the  concentrated  pigment  sus- 
pensions from  the  settling  studies  were  diluted  with  dry  MXK.  We 
verified  that  true  electrophoresis  was  being  measured  by  obtaining  a 
linear  relationship  between  the  applied  electric  field  (which  did  not 
exceed  70  volts  cm  and  the  electrophoretic  mobility. 

In  the  case  of  ZnO,  different  coupling  agent  produce  an 
appreciable  spread  In  the  values  of  the  settling  time,  but  the  electro- 
phoretic mobility  values  do  not  show  the  expected  corresponding  spread. 
The  settling  times  for  ZnO  of  > 30  and  > 180  min  Indicate  merely  that 
settling  to  1.8  ml  was  Incomplete  during  the  specified  time;  the  value 
> 30  might  possibly  have  been  > 180,  if  the  operator  had  waited  long 
enough.  For  the  remaining  pigment  samples,  the  values  of  mobility  and 
settling  time  are  not  remarkably  different  in  their  spread. 

b.  The  Effect  of  Additives  on  Flocculation 

Flocculation  can  be  controlled  by  the  surface  double 
layer  (essentially  the  seta  potential)  and  such  double  layers  can  occur 
lu  aqueous  suspensions  by  adjusting  pH  and  by  adding  exchangeable  ions, 
such  as  fluoride  Ions.  The  ion  exchange  on  TlO^  will  occur  with  the 
hydroxyl  groups  of  the  plfoaent  surface  as  follows: 

I I 

- TlOH  + r «S  - TIF  + OH 

I I 

The  position  of  the  loo  exchange  equilibrium  will  strongly  depend  on 
the  concentration  of  fluorldo  and  on  the  pH. 
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CGIIFARISON  OF  ELECTROPHORETIC  MOBILITY  (u> 
AND  SEDIMENTATION  TIME  (t)  FOR  SEVERAL 
PICMENl'S  IN  NONAQUEOUS  MEDIA 


Pigment 

Reference 
(NB  657) 

" ' 1 

_ - ^(s) 

Solvent 

Coupling  Agent 

Bl 

t(c) 

(min) 

ZnO 

4-4 

MEK 

C1CH^(CH^)^S1C1 

24 

5 

4-6 

MEK 

TTS 

18 

> 30 

8-1 

MEK  (dry) 

ClCH^(CH2)^SiCl 

26 

> 180 

SnO„ 

2 

8-1 

MEK 

None 

27 

2 

5-6 

MEK 

TTS 

31 

5 

8-3 

MEK  (dry) 

CICH„(CH,)  Sicl 

3 3 2 

38 

2 

TIO^ 

6-1 

MEK 

None 

26 

2 

8-5 

MEK  (dry) 

ClCH^(CHg)^SlCl 

38 

6 

^*^MEK  m methyl  ethyl  ketone;  dried  over  CaH  . 

z 

^^\ll  particles  negatively  charged,  i.e.,  moved  to  the  aitooe. 

( c ) 

Time  for  pigment  in  10  ml  of  slurry  to  settle  to  shout  2 ml. 


We  have  exartlned  the  effects  of  ion  exchange  on  the  floc- 
culation properties  of  TiO  by  two  techniques:  optical  microscopy,  to 

A 

obsexnre  the  shape  of  the  flocculates,  and  electrophoresis. 

Microscopic  examination  of  chain  flocculation  was  made 

on  some  aqueous  luspcnslons  of  TiO^  (chloride^processed  pigment  with 

about  0.1  monolayers  of  surface  alumina)  as  a function  ot  suspension 

pH  (3  and  12)  and  amount  of  fluoride  ion  (0  and  0.1  mmoles/g  TiU  ) 

applied  to  the  TiO  at  the  given  pK.  These  pigmevits  were  dispersed 
* 

with  the  lid  of  an  ultrasonic  generator.  By  use  of  an  optical  microscope 
(xl30) , the  state  of  flocculation  of  the  pigment  particles  was  examined 
in  suspension  and  after  drying  on  a glass  slide. 

Tlie  results  show  that  the  pigment  flocculated  much  more 

in  a concen'!;rated  suspension  (2  wt%)  than  in  a more  dilute  suspension 

(0.2  wt%) . Chain  flocculation  appeared  to  be  present  in  samples  of 

:he  dried,  concentrated  suspensions.  The  shape  of  the  floes  depended 

i"  the  fluoride  and  pH  pretreatment  of  the  pigment.  In  the  absence  of 

1’luoride,  finer  chains  were  produced  for  pigments  prepared  at  pM  3 (20  x 

!’>0  d'm)  than  at  12  (3C)  x 130  ^)  . The  nominal  diameter  of  tho  pigment 

particles  is  0,2  d-m.  For  pigments  treated  with  flouride  (0.1  mmoles  F /g 

TIO  ) the  floes  ber.ame  larger,  but  they  were  more  chain-lihe  for  pigments 
2 

prepared  at  pH  12  (40  x 130  urn)  than  at  3 (100  x 200  pm) . 

Electrophoretic  measurements  were  made  on  the  four  pig- 
ments suspended  in  water.  The  particles  were  charged  negatively  for  the 
pigments  prepared  at  pK  3 and  positively  for  the  pigments  prepared  at 
12.  Fluoride  did  not  nave  much  of  an  effect  on  either  the  sign  or 
magnitude  of  the  eloctiophoretic  mcAjiility.  However,  those  results  may 
not  have  been  reliable,  because  the  susponsion  used  tor  the  electrophoretic 
measurement  was  very  dilute,  and  the  final  pH  could  have  been  dominated 
by  the  pH  of  the  water. 
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Some  evidence  that  <!luw  flocculation  leads  to  chain  floc- 

culatiai,  as  predicted  by  theory,  waa  obtained  in  preliminary  experiments 

on  the  flocculation  of  TiO  in  anhydrous  cyclohexane.  The  cyclohexane 

2 

was  dried  with  metallic  sodium,  and  the  flocculation  of  the  TiO  became 

2 

very  ^ilow.  Under  these  somewhat  ill-defined  conditions,  the  floes 
developed  in  chain  form.  This  very  preliminary  observation  may  suggest 
a direction  for  later,  more  detailed  study. 

2.  Flocculation  in  an  Electric  Field 

a.  Theory  of  Field-Induced  Chain  Flocculation 

To  assist  in  the  design  of  cells  for  field-induced  chain 
flocculation,  wo  need  analytical  models  of  the  process.  The  two  general 
technitiues  for  chain  formation  that  will  be  examined  and  compared  are 
first  chain  formation  in  a uniform  electric  field  and  second  chain 
formation  at  a knife-edge  electrode  or  a fine  wire. 

Chain  Formation  in  a Uniform  Electric  Fleld--The  field 
between  two  parallel  plate  electrodes  is  given  by 

E • V/d  (1) 

o 

where  d is  the  spacing,  V the  applied  voltage,  h particle  of  high 
dielectric  constant  distorts  the  electric  field  in  its  neighborhood, 
and  this  distortion  attracts  a second  particle,  initiating  chain 
formation. 

The  field  near  a conducting  particle  of  radius  a in  an 
insulating  medium  is  given^^  by 

E ■ E (1  + 2a^/r^)  (2) 
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where  r is  the  radial  distance  from  the  particle,  and  for  simplicity 
we  consider  only  6*0,  where  % is  the  angle  between  the  radial  vector 
and  the  electric  field.  The  charge  on  the  surface  of  a conducting 
spherical  particle  of  radius  a in  a field  E is  given  approximately  by 

o « 4fr  K c E a^  (3) 

o 

where  ^ is  the  dielectric  constant  (100  for  TiO  ) and  where  the  separation 

2 

of  charge  is  taken  as  equal  to  the  radius  a.  Equations  (2)  and  (3)  are 
slightly  different  i\  form  if  the  particle  is  nonconducting  (with  a hig'h 
dielectric  constant)  but  for  our  approximation  the  difference  can  be 
neglected. 

Now  the  energy  of  a particle  having  an  induced  dipole 
with  charge  separation  a in  a field  is  given  by 

U - a Ea  (4) 


and  the  force  by 


F • au/Sr  (5) 

Cosiblning  equations  (1)  through  (5),  we  have  that  the  force  on  a particle 
due  to  the  field  distortion  caused  by  a nearby  particle  is 

F - 48  irKc  E ^(l  + 2a^/r^)a®/r^  (8) 

o o 

By  Stokes  Law,  the  velocity  of  a particle  v due  to  such  a force  (here 
the  velocity  of  two  pigment  particles  toward  each  other)  is  given  by: 

v - F/6«11a  (7) 

o 

aa 


If,  for  exanpla,  the  vlucoelty  T)  is  1 poise  ns  In  a typical  solvent,  and 
the  mean  separation  of  the  particles  [r  in  Equation  (6)]  is  10  we  have 
from  Equation  (7) 


V ~ 2.4  u/a 
o 


where  we  have  taken  a O.K  E >10  V/m,  and  K > 100.  With  these 

o 

values  one  could  expect  the  particles  to  coalesce  and  could  expect  chain 
flocculation . 

On  the  other  hand,  with  a more  dilute  slurry  the  mean 

separation  increases,  and  the  velocity  v decreases,  from  Enuatlons  (6) 

o 

-4 

and  ( 7)  , as  r . Thus,  if  r > 50  the  particle  velocity  leading  to 
flocculation  is  lower  by  almost  a factor  of  1000,  and  flocculation  will 
not  occur. 

Chain  Formation  at  a Wire  or  a Knife-Edge  Electrode- -I n 

estimating  the  field  at  a wire  or  a knife  edge,  we  use  the  formula  for 

the  field  between  two  concentric  cylinders,  an  inner  cylinder  of  radius 

r^  (in  our  case  the  radius  of  the  wire  or  knife  edge),  and  an  outer 

cylinder  of  radius  r (the  counterelectrode).  The  field  at  distance  r 

o 

from  the  center  of  curvature  of  the  wire  or  knife-edge  is  then  given 
approximately  by 


E = V/2ir  r log  (r  /r  ) 
o i 


A spherical  pigment  particle  in  this  field,  from  Equations 
(3),  (4),  and  (5),  will  be  subjected  to  a force  at  a distance  r of: 


F = (a^/r^)  {Kc  V^/ffClr^  r /r  )^1 
o o i 
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and  with  log  ~ 5,  we  have  from  (7)  the  velocity  of  particles  in 

a liquid  medium  is  given  by: 


V as  200  ti/s 
o 


where  a=5xl0  m,r=  100  n . 


Thus,  in  a tew  seconds  all  particles  within  100  p.m  of  the 
knife  edge  will  be  attracted  to  t he  growing  floes. 


In  the  case  of  an  electric  field  applied  to  a wire  in  an 

aerosol,  the  pigment  particles  are  in  a medium  of  viscosity  about  2 x 10 

poise,  so  the  particles  will  be  swept  to  the  wire  from  a greater  distance 

than  in  the  case  of  a liquid  medium.  We  will  assume  a particle  in  the 

aerosol,  moving  parallel  to  the  wire  under  the  Influence  of  the  following 

gas,  spends  a time  t =1  second  in  the  neighborhood  at  the  wire.  To 

o 

collect  all  particles  within  a distance  r , the  field  at  the  distance 

max 

r must  be  great  enough  to  impart  the  velocity  v'  where 
max  o 


V ' = r /t  (11) 

o max  o 


= r 
ntax 


to  the  ppjrtlcles. 

From  Equations  (1)  and  (7)  we  have  that  the  teiminal 

velocity  Imparted  to  the  particles  at  distance  r as  given  by 

m&x 

v ' = (eirHa)  ^ • (a/r  • {Kc  V^/ff(iog  r /r  )^}  . (12) 

o max  o o i ■’ 

-5  4 

Equatinr  vll)  and  (12),  with  T1  ® 2 x 10  decapoise  for  air,  V « 10  volts, 
K - 1,  and  the  other  values  ^he  same  as  above,  we  find 
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r 

max 


1 mm 


(13) 


suggesting  that  11  a particle  comes  within  about  1 mm  of  the  wire,  it 
will  be  incorporated  into  the  growing  chains. 

Conclusions  from  these  Calculations — For  the  case  of  a 
uniform  electric  field  it  appears  that  initiation  of  chain  flocculation 
Is  only  practical  with  a dense  slurry.  In  our  studies  to  date,  where 
a thin  slurry  has  been  used  to  facilitate  observation,  chain  flocculation 
in  a uniform  field  has  been  unsuccessful,  and  the  calculations  Indicate 
why. 

The  knife~edge  or  the  wire  approach  is  more  effective 
-1  -3 

because  the  field  varies  as  r compared  with  r in  the  homogeneous 
field  case.  Thus  in  these  cases  the  particles  arc  affected  by  the 
field  inhomageneity  over  much  larger  distances  from  the  site  of  chain 
formation. 

b.  Experimental  Observations  with  a Liquid  Suspension 

Chain  flocculation  of  TiO  was  examined  in  these  stu:^les. 

2 

A priori , it  should  be  the  pigmant  most  amenable  to  chain  flocculation 
in  an  electric  field,  because  its  high  dielectric  constant.  Several 
geometries  for  cells  in  which  to  induce  chalir  flocculation  from  a liquid 
were  examined.  01  most  interest  are  those  Involving  a uniform  electric 
field  and  those  involving  the  electric  field  at  a knife-edge  (or  point) . 

Attempts  to  date  to  induce  chain  flocculation  in  a 
uniform  electric  field  have  been  unsuccessful  with  either  ac  or  dc  fields 
and  with  various  solvents.  The  reason  for  the  lack  of  success  with  a 
homogeneous  field  is  discussed  above  under  theory.  However,  the  theory 
suggests  that  there  way  be  advantages  to  flocculation  In  a uniform 
field  it  the  technique  can  be  made  successful,  because  more  accurate 
chain  formation  may  be  possible.  Also  there  may  be  advantages  In  scaling  up. 
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'He  have  succeeded  In  Inducing  chain  l>nnation  at  a knife 


edge  electrode.  The  preferred  solvent  Is  cyclohexane.  Ber.zene  has  also 
been  used  successfully.  No  success  has  been  observed  in  M£K , presumably 
because  of  its  larger  dipole  moadnt , but  also  possibly  because  of  an 
unknown  zeta  potential  effect.  Alternating  voltages  seem  preferable, 
although  with  the  cyclohexane  solvent,  success  was  sometimes  obtained 
with  a dc  field. 

Figure  3 shows  the  flocculation  cell  tested.  The  knife- 
''dge  electrodes  are  simply  stainless  steel  razor  blades.  The  ends  of 
the  cell,  shown  open  for  clarity,  are  of  course  closed,  and  the  four 
inlet  and  outlet  tubes  are  the  only  ports. 

In  measurements  to  date,  a TIO  slurry  was  Introduced, 

2 

passed  through  a 1-imn  slit,  and  the  formation  of  chains  at  the  slit 
was  observed  visually,  figure  4 shows  results  in  an  ac  field  indicating 
the  voltage  range  of  interest.  The  TiO^  was  dispersed  by  the  dellocculant 
Aerosol  O.T.  (1/4  monolayer).  The  ordinate  gives  the  time  necessary 
to  fom  chains  of  TiO  about  0.25  mm  in  length;  the  abcissa  shows  the 
voltage  applied  (60  Hz) . 1 t was  observed  that  a too  high  voltage  caused 

turbulence  in  the  slurry  and  destroyed  the  chains.  Thus,  there  is  an 
optimum  intermediate  voltage  (field)  for  rapid  chain  formation.  At 
voltages  below  this  optimum,  the  chains  were  finer,  which  is  a desirable 
feature  for  our  purpose.  Presumably,  therefore,  a voltage  lower  than 
that  corresponding  to  the  maxisnta  rate  will  be  found  most  desirable. 

All  the  variables  have  uot  bee"  identified,  and  farther  work  is  necessary 
to  wakt.  the  technique  completely  reproducible. 

In  the  experlaents  to  date  we  have  used  only  two  ports 
of  the  cell.  As  indiceted  in  Figure  3,  the  cell  is  dssignsd  with  two 
extra  ports  to  permit  the  introduction  of  isiditives  coupling  egsnts. 

Such  additives,  as  discussed  in  Section  A3  above,  are  introduced  to  fom 
Interpart  ids  bridges  and  stabllixe  ths  chains  once  they  are  fomed. 
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fl'JURE  4 TIME  10  FORM  0.5  mm  CHAINS  ON  METAL.  KNIFE 
EOGE  AS  FUNCTION  OF  At>PLIE0  VOLTAGE  (60  Hz) 


C . Generation  of  Chain  Floes  from  an  Aerosol 
1 . Apparatus  Development 

An  apparatus  was  designed  to  provide  pre-formed  floes  suitable 

for  Introduction  Into  a vehicle,  where  the  floes  are  Induced  by  an 

electric  field  In  an  aerosol  and  are  cemented  by  being  exposed  to  SlCl  . 

4 

The  concept  Involves  the  use  of  the  high  electric  field  associated  with 

a fine  wire.  Because  pigment  particles  are  carried  as  an  aerosol  past 

this  wire,  the  pigment  Is  deposited  In  the  form  of  chains.  The  wire  Is 

o 

heated  to  a sufficient  temperature  (>  400  C) , and  the  coupling  agent 

SlCl.  Is  Introduced,  and  the  chains  are,  thus,  cemented  Into  permanent 

4 ■<» 

floes. 

Figure  5 Is  a schematic  diagram  of  the  preliminary  apparatus 

for  chain  floe  generation.  Most  of  the  results  discussed  below  were 

obtained  with  this  system.  The  essential  parts  are:  a high-voltage 

ac  source  that  generates  a high  field  near  a 3-nil  wire  in  the  reactor; 

a heater  supply  that  heats  the  wire,  permitting  the  silane  bridging 

reaction,  a source  of  SlCl^;  and  a mechanism  to  provide  a fine  aerosol 

4 

of  the  pigment.  The  pigment  particles,  attracted  to  the  wire  by 

IS 

dielectrophoresis  action,  fora  chains  because  an  approaching  particle 

moves  to  the  end  of  on  existing  chain  where  the  field  Is  highest.  The 

SiCl  interacts  with  the  pigment  surface,  and  i*  the  pigment  is  heated 
4 

by  the  hot  wire,  the  following  reaction  goes  to  completion: 

SiCl,  + Ti-OH  - Ti-O-SiCl^  + HCl 

4 3 

If  one  SiCl.  molecule  interacts  with  OH  groupc  on  adjacent  particles, 

4 

the  bridging  or  cementing  of  the  particles  is  effected. 

Two  major  problems  were  encountered  with  the  apparatus  shown 
in  Figure  5.  First,  it  was  determined  that  the  best  way  to  remove  the 
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FIGURE  6 APPARATUS  FOR  FLOCCUl  ATJOn  OF  CHAINS  FROM  AN  AEROSOL 


chains  was  by  aechanically  scraping  them  tram  the  wire.  However,  such 
a process  is  tedious  with  that  design.  Second,  it  became  clear  that 
to  accumulate  reasonable  quantities  of  pigment,  It  would  be  necessary 
to  cycle  the  process.  Thus,  to  avoid  excessive  delay,  an  automated 
process  is  required. 

Figure  6 shows  the  redesign  of  the  system  to  permit  automatic 
operation.  The  electrical  features  are  unchanged  from  Figure  1,  except 
that  a 6-wire  wand  is  used  rather  than  a smgle  wire.  The  important 
change  is  the  inclusion  of  a unit  to  move  the  wires  through  a scraper, 
and  a flask  under  the  scraper  to  collect  the  pigment  particles.  In 
addition,  a light-scattering  module  has  been  included  for  measurement 
of  the  osol  density,  permitting  better  control  oi  che  process. 

The  wand  will  be  positioned  for  one-half  cy^le  in  the  reaction 
chamber  where  the  chain  floca  will  be  produced.  In  the  second  half 
cycle,  it  will  be  moved  across  tho  scraper  to  collect  the  pigment  and 
then  be  returned  to  the  reaction  chamber.  With  optimum  floe  growth, 
calculations  (see  below)  indicate  a few  thousand  cycles  per  gram  will 
be  r r . v u ir’  ^ent  generation  with  this  simple  design. 

2.  Results 

Photog-  T-hs  of  chains  and  floca  are  shown  in  Figure  7.  The 

-3 

flux  of  pigment  . tide  was  about  10  g/mln.  The  upper  photo  shows 
particles  prepared  early  in  the  period  using  a platinum  wire  at  1500  V. 
the  particles  were  removed  from  the  wire  by  scraping  onto  a glass  slide. 
The  lacework  texture  is  clear,  but,  apparently,  during  the  scraping 
the  chains  folded  into  themselves.  In  theory,  they  should  unfold  when 
introduced  into  a vehicle  together  with  a dispersing  agent.  The  lower 
photo  shows  floes  prepared  on  a nichreme  wire  at  3000  V.  Because  of  a 
limited  depth  of  field,  only  a few  of  the  floes  are  in  focus;  and  even 
in  those  cases,  because  each  floe  has  a tree-like  structure,  parts  are 
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out  of  focus.  The  length  of  the  structures  Is  about  10  ^m.  Figure  8 
shows  an  electron  microscope  picture  of  a floe  (magnification  20,000) 
prepared  on  the  apparatus  of  Figure  6 at  6000  V . 

In  the  developnent  of  the  technique  many  general  observations 

wore  made  and  the  rest  of  this  subsection  describes  these.  It  was 

o 

determined  that  the  wire  temperature  must  be  about  900  C to  obtain  a 

o 

pigment  temperature  of  greater  than  400  C,  the  temperature  (as  determined 

experimentally,  see  Figure  2)  required  for  rapid  bridging.  The  pigment 

temperature  was  estimated  by  the  depth  of  color  of  the  TiO  . (TiO 

2 2 

becomes  an  increasingly  strong  yellow  as  the  temperature  rises.) 

It  was  found  that  the  electric  field  (the  applied  voltage)  is 
at  an  optimum  value  at  some  intermediate  magnitude.  The  observed 
behavior  suggest?  that  it  the  field  is  too  low,  the  collection  of 
particles  is  not  influenced  by  the  field,  and  if  the  field  is  too  high, 
the  trajectory  of  the  particles  is  unaffected  by  pievlously  adsorbed 
particles.  In  either  case,  the  particles  become  deposited  randomly, 
and,  in  the  case  of  a high  field,  the  particles  form  a uniform  coating 
over  the  wire  surface.  The  region  of  1 to  3 kV  on  a 3-fiil  wire  seems 
satiafactory  for  chain  formation.  More  recent  results  (see  below)  using 
conductive  pigments  show  that  with  such  pigments  much  higher  voltages 
can  be  used  while  still  obtaining  chain  formation. 

Moat  of  the  work  was  performed  using  a platinum  wire;  this 
was  chosen  because  we  considered  that  the  more  noble  metal,  with  no 
oxide  present , would  form  weaker  bonds  to  the  silane  and,  hence,  allow 
easier  removal  of  the  pigment.  However,  In  later  studies  we  have  used 
nlchrome  because  of  the  poor  uecbanlcal  strength  of  platinum  at  900  to 
lOOO^C . Superior  chain  formation  that  was  less  dependent  on  voltage 
and  aerosol  density  was  obnerved  with  the  nlchrome.  The  reason  for 
the  better  reaulta  is  not  clear. 
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FIGURE  8 


ELECTRON  MICROGRAPH  OF  A CHAIN  FLOC 
Magnification  20,000x 
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Methods  of  removing  the  floes  from  the  wire  were  examined. 

Wc  have  tested  heat,  high  fields  (ad  and  dc) , ultrasonic  vloration  of 

the  wire  (both  in  gas  and  in  an  aerosol  environment) , various  gases 

such  as  HO  and  HCl,  and  the  use  of  a ribbon  rather  than  a wire.  None 
2 

of  these  methods  proved  effective.  Thus,  we  have  adopted  the  technique 
of  mechanically  removing  the  floes  by  brushing  or  scraping,  incorporating 
the  process  in  the  design  of  the  "automated"  device  of  Figure  6.  However 
there  has  been  some  indication  in  recant  experiments,  reported  in  ttve 
next  section,  that  under  certain  conditions  a dc  field  can  be  used  to 
remove  the  floes. 

The  mechanical  removal  of  the  floes  from  the  wire  must  be 
done  with  care  to  minimize  crushing  of  the  floes  into  spheres.  Such 
crushing  i.s  observed  with  a "dull"  scraper,  and  it  may  be  deleterious--we 
have  not  determined  whether  the  structure  damage  is  reversible.  In 
experiments  using  a ceramic  scraper,  such  damage  to  the  floe  structure 
were  observed  and  Interpreted  as  due  to  crushing  at  the  dull  edge.  A 
sharp  metal  scraper  was  used  to  remove  the  floes  shown  in  Figures  7 and  8, 
maintaining  their  open  strurture  during  removal. 

To  a first  approximation,  both  the  length  and  the  total 
volume  of  the  chains  increases  as  the  square  of  the  applied  voltage. 

Thus  with  7 kV  applied,  well-resolved  chain  formation  is  still  observed 
with  chains  the  order  of  150  pm  long.  The  high-voltage  chains  are 
heavily  branched  at  the  top,  narrow  near  the  wire;  their  shape  resembling 
that  of  an  oak  tree.  We  estimate  from  this  data  that  with  the  semi- 
automated  apparatus  we  can  produce  about  3 mg  per  pass;  that  is  we  will 
produce  chains  at  the  rate  of  1 gram  per  300  cycles. 
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D . Preparation  and  Flocculat ion  of  Conductive  Tltanluiti  Dioxide 


1.  Electrical  Properties  of  Prid«^ed  Pigment  >:>ftrtlclc8 

It  la  found,  surpriaiugly , that  the  use  of  SiCl  to  cemetiL 

4 

pigment  particles  together  actually  Increases  the  InterRrnnulnr  con- 
ductance. This  is  simply  shown  lu  pressed-pellet  experiments,  Illustrated 
in  Figure  9.  The  pressed  pellet  is  initially  e-  acualed  at  400°C  to 
desorb  adsorbed  oxygen,  thus  enabling  satisfactory  Intergranular  con- 
ductance. In  Figure  9 the  conductance  temperature  characteristics  at 
this  stage  are  indicated  by  solid  curves.  The  coupling  agent  is  added 
In  the  normal  fashion,  the  sample  re-evacuated,  and  it  is  found  that 
for  both  ZnO  and  TIO  , the  conductance  of  the  pellet  substantially 
increases  (dotted  curves) . 

It  is  also  necessary  to  anticipate  the  effect  of  the  SiCI 

4 

treatment  on  interfloc  conductance.  In  the  chain  floes,  which  are  the 
ultimate  objective  of  this  program,  it  is  necessary  to  have  good  electrical 
conductance  between  one  chain  (coated  with  the  coupling  agent),  which 
is  in  physical  contact  with  an  adjacent  chain,  to  get  overall  conducting 
paths  through  the  final  paint,  ^he  effect  of  the  coupling  agent  on  the 
Interfloc  conductance  was  totted  as  fellows.  First,  the  coupling  agent 
was  added  to  the  plgmynt  pjirticlos,  then  the  pigment  particles  were 
pressed  iuto  a pelle>.  in  the  normal  fashion,  and  the  pellet  was  evacuated 
at  400*\^ . It  was  found  that  the  conductance  of  pellets  where  the 
coupling  agent  was  deposited  before  pressing  the  pellet  differed  only 
slightly  from  the  high  conductance  observed  in  Figure  9,  where  the 
coupling  agent  was  introduced  after  the  pellet  had  been  pressed. 

Tims,  it  would  appear  that,  contrary  to  expectations,  the 
coupling  agent,  silicon  tetrachloride,  provides  a substantial  improvement 
both  to  Intergranular  conductance  and  to  interfloc  conductance.  If  this 
characteristic  is  retained  into  the  final  paint  with  no  deleterious 
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FIGURE  9 INFLUENCE  OF  SiC^  TREATMENT  ON  INTERGRANULAR  CONDUCTANCE 

Solid  circlat:  TiO} 

Open  circle*:  ZnO 

Solid  li.'  /i;  before  SiCl4  treatment 

Dotted  lines:  after  SiCU  treatmerit 


effects,  it  may  substantially  simplify  the  attainment  of  the  goal  of 
a suitably  c(Hiducting  white  paint. 

2 . Preparation  of  Conductive  Titanium  Dioxide 

Conducting  pigments  were  prepared  for  preliminary  study  in  the 
early  appai-atus.  With  riO  we  have  found  the  best  color  (light  blue) 

A 

for  combined  high  conductance  and  anticipated  flar''  resistance  is  obtained 

with  Nb-doped  material,  lo  avoid  an  insulating  surface  layer,  the  material 

is  best  quenched  to  room  temperature  from  the  diffusion  temperature 
o 

(1000  C) . Alternatively,  the  material  can  be  etched  lightly  to  remove 

the  insulating  surface  layer.  The  insulating  surface  layer  is  presumably 

o 

formed  when  oxygen  is  adsorbed  (T  < 400  C)  at  temperatures  high  enough 

O 

(T  > 200  C?)  for  rapid  electron  transfer  or  Nb  movement.  This  observation 
illustrates  the  problem  we  will  have  to  solve  in  a later  phase  of  this 
study,  namely,  the  slow  fornation  of  innlating  surface  layers  by  reaction 
with  atmospheric  oxygen. 

Our  final  recipe,  with  which  we  prepared  100-g  lots  of  conductive 
TIO  for  the  studies  of  chain  flocculation  described  below,  includes 

o 

impregnation  of  the  powder  by  precipitation  of  NbCl  , calcining  at  1100  C, 
quenching  in  water  to  room  temperature,  followed  by  ball  milling. 

3.  Chain  Flocculation  of  Conductive  Titanium  Dioxide 

It  was  found  what  well-defined  and  well-separated  chains  are 
much  easier  to  form  (on  our  3-m’ll  wires)  with  conductive  piguent  than 
with  the  nonconductive  material  studied  ear'ier.  Preaiunably  thic  occurs 
because  the  field  gradient  at  the  tip  of  a growing  chain  ia  hig.ier  if 
the  tip  is  at  the  voltage  applied  to  the  wire  (aa  is  the  case  with 
conducting  pigment),  so  that  an  uppreaching  particle  is  attracted  more 
strongly  to  the  tip.  Additionally,  it  was  found  that  the  gro>'(ih  at 
the  tip  is  more  continuous  with  tot rachlorcml lane  rreB«nt--an  observation 
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that  is  consistent  with  our  earlier  observation  that  the  silane  Increases 
the  Interparticle  conductance. 

Ther.-  has  been  some  indication  that,  with  conductive  pigment, 
if  the  chains  become  too  long  (In  the  absence  of  silane)  they  cun  be 
broken  by  the  repulsive  electrostatic  voltage.  We  have  not  observed 
such  rupture  with  an  ac  vcltagn  when  the  silane  Is  present  to  cement 
the  chains  an  they  grow.  However,  with  a high  dc  voltage  applied,  there 
has  been  scattered  evidence  of  breaking  of  chains  even  when  stabilized 
by  the  tetrachlorosllane . This  effect  Is  emphasized  If  the  wire  is 
cooled  before  the  application  of  the  voltsige.  This,  If  found  reproducible, 
may  be  ol  substantial  benefit,  as  the  technique  could  lead  to  a non> 
mechanical  method  of  removing  the  chain  floes  i’rcm  the  wires. 

A series  of  studies  was  made  compering  chain  fomatlon  of 

Nb-doped  Tio  on  a hot  (circa  900 °C)  wl.'c  versus  a wire  at  rtKim  tompe.r- 

ature.  This  comparison  yielded  results  interprotable , as  above,  that 

o 

a highly  conducting  pigment  (the  900  C case)  forms  chains  more  eaiiily 
vhan  a poorly  r/>nductlng  pigment. 

With  the  cold  wire,  the  plgmont  showed  a marked  tendency  to 
coat  the  w're,  that  la  to  deposit  as  an  even  layer.  Over  the  whole 
voltage  range  there  was  a n-.au'kod  tendency  tcwei-d  Luprovewtent  for  the 
hot  wire  over  the  cold  In  the  characteristic  ct  chain  lormation  Including 
longer  chain  lengths.  behavior  Is  highly  beneficial  in  tnat  it 

permitted  '•iperatlon  at  a much  higher  voltage  aud,  thus,  faster  rates  of 
tloi  fomatlon. 


Ill  FUTURE  DIRECTIONS 

Of  the  five  steps  to  the  developsieut  of  m satisfactory  coatlngv 
A8  ontliutfu  in  the  second  paragraph  of  Section  I , the  first  two  have 
been  completed  satisfactorily  and  we  are  about  hall  v^ay  through  the 
third.  As  discussed  In  the  introduction,  we  can  In  principle  prepare 
an  improved  coating  with  the  present  flocculation  methods.  However, 
the  results  to  date  show  no  reason  to  deviate  from  systematic  progress 
through  these  various  steps  as  the  way  to  produce  in  the  shortest: 
possible  time  a superior  coating.  Some  of  the  Investigations  that  will 
be  made  first  are  discussed  In  the  last  subsectloti  of  Section  I. 

As  Indicated  In  the  text  of  this  report,  however,  we  have  at  each 
decision  point  chosen  the  most  direct  route  to  the  objective.  When  the 
primary  objective  Is  realized  (satisfactory  conductive  coating;)  It  may 
be  of  value  to  back  up  and  test  some  of  the  other  approaches  Indicated 
in  the  text,  because  some  ol  these  approaches  may  lead  to  substantial 
cost  benefits  In  volume  preparation  of  conductive  coatings.  In  particular 
at  this  time,  we  can  point  to  the  possibilities  ol  zeta  potential  control 
for  direct  chain  flocculation,  or  to  chain  flocculation  and  curing  by 
an  electric  field  In  a nonpolar  solvent.  These  techniques  for  the 
formation  of  chain  floes  may  In  the  end  lead  to  much  lower  cost  coatings. 


IV  ENVIRONMEKIAL  IMPACT 


It  It  cletr  thsLt  with  the  techc.lqu«»  uwed  in  tihwiu  floe  fomatlon, 
burolus  aerosol  and  surplus  SlCl^  must  be  rewioved  frou  the  exhausv 
to  avoid  tdvert^e  envircissental  effects.  However,  it  Is  not  anticipated 
that  such  renuv*!  Yi'ill  be  dlfficnilt  because  excess  pigment  is  easily 
reaioved  by  filtration  and/or  electrostatic  precipitation,  and  the  silane 
hy.^rolyzes  readily  and,  therefore,  Is  removable  by  water  treatment. 
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